ABSTRACT. An attempt has been made to evaluate the applicability of two constitutive models related to the dislocation-obstacle interactions for the description of stress-relaxation behaviour of E911 tempered martensitic steel. The first one is Feltham model (Model-I) and the second model proposed by Christopher and Choudhary (Model-II) is based on the sine hyperbolic kinetic rate formulation coupled with the evolution of internal stress. The physical constants associated with these models have been determined by the minimization of errors between experimental and predicted relaxation stress vs. hold time data for two different strain hold levels of 1.3 and 2.5% at 873 K for E911 steel. Model-II provides better prediction of stress-relaxation behaviour of the steel as compared to Model-I. In addition to prediction of relaxation stress vs. hold time data, Model-II describes the evolution of internal stress, inter-barrier spacing and activation volume with the hold time. The predicted increase in inter-barrier spacing and activation volume with hold time indicated that substructural coarsening remains dominant in E911 steel under stress-relaxation conditions.
INTRODUCTION
% chromium tempered martensitic steels are favoured structural materials for high temperature heat exchanger applications in power generating industries. Among 9% Cr steels, E911 steel offers good combination of high creep strength and ductility, and microstructural stability over long exposures at elevated temperatures [1] . Understanding and modelling of inelastic deformation behavior of structural materials at elevated temperatures attract continued scientific and technological interest in view of improving the appropriate conditions for material processing and for reliable prediction of the performance of the components during service. Stress-relaxation testing is one of the potential techniques for understanding the high temperature inelastic deformation behaviour of materials [2] . During stressrelaxation testing, the externally imposed constraint i.e. total applied strain (t), is kept constant. Since the total strain rate is related to the sum of elastic ( e ) and inelastic ( in ) strain components, the total applied strain rate is equal to zero and it is represented as 
The interrelationship between stress-relaxation rate and inelastic strain rate can be obtained from Eqn. (1) and Eqn. (2) as
Eqn. (3) indicates that the decrease in elastic strain is exactly balanced by an increase in inelastic strain during relaxation. This leads to the decrease in stress values with hold time. Eqn. (3) represents a generalised relationship for the description of stress-relaxation behaviour for any materials. In common, developed models for stress-relaxation mainly focus on the interrelationship between inelastic strain rate and relaxation stress. The inelastic strain rate given in Eqn. (3) captures only the creep strain developed during stress relaxation. Time independent part of inelastic strain (i.e. plastic strain) has been assumed to be insignificant in the present investigation. Between the existing models [3] , the model proposed by Feltham [4] is widely used to describe the stress-relaxation behaviour of different metals and alloys [4] [5] [6] [7] . In this study, in addition to the Feltham model, the relationship recently proposed by Christopher and Choudhary [8] based on the sine hyperbolic kinetic rate formulation coupled with the evolution of internal stress has been employed to describe the stress-relaxation behaviour of materials. The physical constants associated with these models have been determined by the minimization of errors between experimental and predicted relaxation stress vs. hold time data for two different strain hold levels of 1.3 and 2.5% at 873 K for E911 steel. Among these two models, the appropriate relationship applicable for the E911 steel has also been identified in this study.
MODELLING FRAMEWORK

Feltham Relationship for stress-relaxation behaviour (Model-I)
ased on kinetic theory of dislocation-local obstacle interaction, Feltham [4] proposed the inelastic strain rate relationship to describe the stress-relaxation behaviour and it is given as
where 0
 is the characteristic strain rate that includes a frequency factor, the area swept out by an activated dislocation and the Burgers vector (b) and r  i is equal to the effective stress (e). According to Feltham [4] , the parameters such as characteristic strain rate ( 0  
where  r0 is the relaxation stress at t = 0. Eqn. 
 with t 0 is treated as a constant. Eqn. (6) is employed for the description of relaxation behaviour of different materials. In common, the simplified form of Eqn. (6) is represented as
where s and  are constants and s = KT/V;  =1/t 0 .
SINE HYPERBOLIC RATE MODEL FOR STRESS-RELAXATION BEHAVIOUR (MODEL-II)
n addition to Feltham model (Model-I) [4] , recently developed constitutive model for the description of stressrelaxation behavior of P91 steel has also been used to examine the stress-relaxation behaviour of the steel [8] . The model is based on the incorporation of stress dependent activation volume and average dislocation segment length into the kinetic rate theories [8, 9] . The final relationship defining the inelastic strain rate in terms of internal stress ( i ) is represented by
The rate equation for the evolution of internal stress with time is derived based on the power law relationship proposed by Argon and Takeuchi [10] and it is given as
The coupled differential equations i.e. Eqn.(3), Eqn. (8) and (9) have been used to describe the stress-relaxation beahviour of the materials. There are three unknown constants such as initial relaxation stress ( r0 ), initial internal stress ( i0 ) and power law exponent (m) related to internal stress. The power law coefficient (h) given in Eqn. 9 can be obtained as
EXPERIMENAL DATA
he relaxation stress vs. hold time data obtained for E911 steel in normalised and tempered condition has been used in the present investigation. The chemical composition (wt. %) of E911 ferritic-martensitic steel was as follow as: Fe-0.105C-9.16Cr-1.01Mo-1.0W-0.07Ni-0.20Si-0.35Mn-0.23V-0.068Nb-0.007P-0.003S-0.072N. Normalizing treatment involved austenitizing at 1323 K for 30 min followed by air cooling and tempering treatment was performed by soaking at 1023 K for 1 h followed by air cooling. TEM microstructure of E911 steel shows the tempered martensitic lath structure accompanied with dense dislocations as depicted in Fig. 1 . Cylindrical specimens of 32.5 mm gauge length and 6.4 mm gauge diameter were machined from the normalised and tempered specimen blanks. Test specimen dimensions are shown in Fig. 2 . Stress-relaxation tests were carried out in air environment (i.e. ambient condition without controlled atmosphere and possibility of air ingress into the furnace environment) at 873 K in a servohydraulic universal testing system equipped with three-zone-resistance heating furnace and proportional-integral-derivative temperature controller. Three-zone-resistance heating furnace provides much larger uniform temperature zone than the specimen dimension. Calibrated thermocouples were used in conjunction with the appropriate temperature indicating devices and the test temperature was controlled well within ± 2 K. Tests were performed by employing nominal loading strain rate of 1  10  4 s -1 to the desired total applied strain levels of 1.3 and 2.5%. After 24 hours of hold duration, the I T unloading was performed at the same strain rate of 110 -4 s -1 . The diagram for loading pattern is shown in Fig. 3a . Loadelongation data were recorded using data acquisition system for all the tests. From the load-displacement data, the stress vs. strain data was obtained. As an example, Fig. 3b shows the stress vs. strain diagram for E911 steel at 873 K for 1.3% strain hold. Using the stress vs. strain and strain vs. time data, the stress-relaxation data was acquired by judiciously selecting small time intervals in terms of relaxation stress (r) vs. hold time (t). In Fig. 3b , permanent set defines the strain present in the material when it is unloaded to zero stress. 
METHODOLOGY FOR PARAMETRIC OPTIMIZATION
he physical constants associated with these models have been determined by the minimization of errors between experimental and predicted relaxation stress vs. hold time data for two different strain hold levels of 1.3 and 2.5% at 873 K for E911 steel. In order to obtain the unknown constants such as s and  in Model-I, least-square optimisation based on Levenberg-Marquardt algorithm has been used. Tab. 1 shows the optimised constants associated with the Model-I for E911at 873 K for the strain holds of 1.3 and 2.5%. An iterative procedure has been invoked to obtain the constants associated with the Model-II. As a first step in the iteration, random initial value of parameters within the bounds has been seeded for numerical integration. The coupled differential equations (i.e. Eqns. (3), (8) and (9)) defining the of relaxation stress ( r i n C       ), inelastic strain and internal stress with time have been numerically integrated by the fourth-order Runge-Kutta method. Following numerical integration, the least-square error value has been estimated and then the parameter values are adjusted using interior-point algorithm for obtaining low least-square error value [9] . The fitting procedure has been repeated for several iterations to reach the optimised parameters. The optimised constants associated with Model-II for E911at 873 K for the strain holds of 1.3 and 2.5% have been presented in Tab  2 have been chosen for E911 steel [9] . The activation energy value of 285 kJ mol  1 has been fixed for E911 steel [11] . For Model-II, the bounds for the physical constants are fixed based on the following consideration. The upper and lower limit values of  ro were chosen close to the initial relaxation stress. Hence, the bounds are fixed between 275 to 350 MPa. Since initial internal stress ( io ) should be less than the initial relaxation stress, the bounds for  io are fixed between 200 to 275 MPa. The value of 'm' is allowed to vary between 0 and 1 based on the literature values [10] . Once the three unknown independent parameters ( ro,  io and m) are optimized, the dependent parameter h has been calculated using 
RESULTS AND DISCUSSION
he experimental as well as predicted relaxation stress ( r )-time (t) data have been shown in Fig. 4 as double logarithmic plots for the strain holds of 1.3 and 2.5 % at 873 K. A marginal decrease in relaxation stress with time for the initial hold durations followed by rapid linear decrease in stress values at longer durations has been T T observed in log-log plot for both the strain holds. It can be seen that the predicted relaxation stress vs. hold time data obtained using Model-II follow the experimental data more closely compared to those derived from the Model-I. The variations in the deviation of stress values as  r =  r , exp   r , pred with time exhibit lower values for Model-II over Model-I. This further suggested statistical suitability of the Model-II for describing stress-relaxation behaviour of tempered martensitic 9% Cr steels (Fig. 5) . Based on experimental observations in 9% Cr steels, it has been shown that the subgrain coarsening accompanied with decrease in dislocation density remains dominant during inelastic deformation under stress-relaxation conditions at elevated temperatures [12, 13] . The reported increase in lath width or subgrain size indicated the increase in inter-barrier spacing () for 9% Cr steels during stress-relaxation. It is known that inter-barrier spacing () and activation volume (V) is inversely related to internal stress. Therefore, the variations in internal stress as well as activation volume with the hold time are expected for 9% Cr steels. From the microstructural aspects, it is evident that Feltham relation [4] involving constancy in internal stress and activation volume is not applicable for describing the stress-relaxation behaviour of E911 steel. However, Model-II has been able to predict the evolution of internal stress, effective stress and relaxation stress with respect to hold time. This is shown in Fig. 6 for the strain hold of 1.3% as an example. Based on Freidel statistics [14] , the internal stress and effective stress can be used to evaluate the inter-barrier spacing and activation volume. The relationships are given as
and
where 'b' is the Burgers vector. Fig. 7 depicts the evolution of inter-barrier spacing and activation volume with the hold time. The observed increase in inter-barrier spacing and activation volume confirms that continual substructural coarsening of E911 steel during stress-relaxation. The comments related to the evolution of internal stress ( i ) and its dependence on relaxation stress (r) following Eqn. (9) is noteworthy. In several metals and alloys, based on stress change experiments during steady state creep, it has been observed that the relationship between internal stress and applied stress obeys power law. The exponent values in the range 0.7-1.0 were reported for Cd, Mg, Al-Li and Al-Mg alloys [15] [16] [17] [18] . The observed power law exponent m = 0.81 for E911 steel is in agreement with those values observed for different materials [15] [16] [17] [18] . Based on internal variable approach, it has also been found that the variations in  i / a (where  a is the applied stress) with a exhibited power law relation as i/a  a  0.21 or i = 2.22 a 0.79 for P9 steel during secondary creep deformation [8, 9] . The equivalence between the results obtained from stress relaxation tests and monotonic creep tests is reported in literature for 9% Cr steels [13, 19] . It was demonstrated that the stress exponent values obtained from stressrelaxation data for 9% Cr steel compared favourably with monotonic creep tests and falls in dislocation creep regime [19] . Since dislocation creep is the main dominating mechanism for 9% Cr steels, the power law dependency between variations of internal stress and relaxation stress proposed by Argon and Takeuchi [10] has been implemented in the present investigation. The reported value of 0.79 for P9 steel is close to the observed exponent value of 0.81 for E911 steel (Tab. 2). It indicates that the power law relation between internal stress and applied stress observed for monotonic creep can be successfully implemented for stress-relaxation studies in 9% Cr steels. Moreover, present investigations clearly suggested that Model-II provides better description of stress-relaxation behaviour of 9% Cr steels than Feltham model i.e. Model-I. 
CONCLUSIONS
omparative evaluation of two physically based models has been performed for the description of stress-relaxation behaviour of E911 steel for the strain holds of 1.3 and 2.5 % at 873 K. As compared to Model-I (Feltham model), Model-II proposed by Christopher and Choudhary provides better prediction towards relaxation stress vs. hold C time data of E911 steel. From the microstructural aspects, it is evident that Feltham relation involving constancy in internal stress and activation volume is not applicable for describing the stress-relaxation behaviour of E911 steel. Contrary to this, Model-II can capable to capture the evolution of internal and effective stresses, activation volume and inter-barrier spacing with time for E911 steel during deformation under stress-relaxation. The predicted increase in interbarrier spacing and activation volume with hold time confirms that continual substructural coarsening of E911 steel during stress-relaxation.
